It has been known for many years that the surface area is increased with increasing obesity and that this increase in surface area is accompanied by a proportional increase in basal oxygen consumption (1). Therefore, it has been reasoned that in the presence of obesity cardiac output and cardiac work in the basal state are increased approximately in proportion to the increase in oxygen consumption (2). This reasoning is based on the assumption that the quantity of oxygen carried away by a liter of blood from the lungs (the arteriovenous oxygen difference) is constant in lean and obese individuals.
It has been known for many years that the surface area is increased with increasing obesity and that this increase in surface area is accompanied by a proportional increase in basal oxygen consumption (1) . Therefore, it has been reasoned that in the presence of obesity cardiac output and cardiac work in the basal state are increased approximately in proportion to the increase in oxygen consumption (2) . This reasoning is based on the assumption that the quantity of oxygen carried away by a liter of blood from the lungs (the arteriovenous oxygen difference) is constant in lean and obese individuals.
Certain generally accepted facts support this argument. Thus it is generally agreed that basal cardiac output is proportional to surface area and oxygen consumption. The relationship between surface area and cardiac output has been re-examined in a recent publication from this laboratory (3) and it was found that as a first approximation, the cardiac output is directly proportional to surface area. However, the individual differences in surface area accounted for only 40 per cent of the individual differences in cardiac output. Furthermore, it has been found that while resting cardiac output is proportional to oxygen consumption; the individual differences in oxygen consumption account for only 50 per cent of the observed variability in cardiac output (4) . It is clear then that factors other than body size as measured' by the surface area or oxygen consumption influence the basal cardiac output. Among the several factors which could account for the unexplained variability is body composition, particularly the fat content of the body. It is known that fat tissue has a metabolism (5) but nothing is known regarding the arteriovenous oxygen differ- ' This investigation was supported (in part) by a research grant H-10(C5) from the National Heart Institute, of the National Institutes of Health, Public Health Service.
ence of blood flowing through fatty tissues or the rate at which it flows.
Precise investigation of the relationships between cardiac function and obesity has been hampered by the inability of the investigator to estimate the relative amounts of fat and other tissue in a given individual. The use of the specific gravity of the body to estimate the relative amount of fat in intact man (6) makes such investigations profitable. It is the purpose of this paper to examine the quantitative relationships between cardiac output, cardiac work and the arteriovenous difference on the one hand and the fat content of the body on the other.
SUBJECTS AND CONDITIONS
The subjects used in this investigation were 34 male university students, 18 to 31 years old, who were free of disease detectable by physical examination. Deliberate efforts were made to obtain a scattering of men from very fat to very lean. The men reported to the laboratory in the morning without breakfast or late in the afternoon without lunch. They rested for one half hour before observations were made. All procedures were carried out in an air-conditioned room. Duplicate determinations of cardiac output were made at one sitting. This was followed by a measurement of the intra-arterial blood pressure. The specific gravity of the body and a roentgenogram of the chest were made after the other cardiovascular measurements had been carried out. (12) . Surface area was calculated according to the procedure of Du Bois.
RESULTS
The data for the individual subjects are presented in Table I . The cardiac outputs in liters per minute are the mean values of the designated number of determinations. The values for the weight of lean body mass were obtained by subtracting the weight of fat from the total body weight. Since the constants for converting specific gravity to per cent of fat were derived from the weight of fat extracted, by fat solvents from guinea pig carcasses (10) this value is equivalent to the lean tissue mass and theoretically includes any water and salt which may be present in the fatty tissues. In addition, the calculated value of fat is subject to such errors as may arise from assuming a constant specific gravity for the lean body mass.
Cardiac output and body composition
The correlations between important cardiovascular characteristics and the various measures of body size and composition have been calculated and are presented in Table II It will be noted that Equation 2 assumes a linear relationship between the weight of a part of the body and cardiac output. However, it is known that total body weight raised to the 3/4 power (a curvilinear relationship) is more closely related to oxygen consumption than is the linear regression equation (13) . It is of interest then to examine the relationship of cardiac output and lean body mass raised to the power which provides the best fit. The regression equation between the log of the cardiac output and the log of the lean body mass yields the following power equation: where y is the predicted value and x is the reference point.
put, the highest correlation was found between lean body mass and cardiac work. The regression coefficients from which one may construct the regression equations relating cardiac work with the several measures of body size and composition are presented in Table IV .
Estimates of the volume of the heart were obtained in 16 subjects. The relationships between cardiac work per cc. of heart volume and body composition were examined. The largest correlation coefficient found was 0.42 which existed between the percentage of fat in the body and the cardiac work per cc. of heart volume. But this value of r would have to reach 0.50 (p = 0.05) before it could be considered significant. The relationships between heart volume and body composition will be discussed elsewhere.
Anthropometric types and cardiovascular functions Equations 6 and 7 make it clear that different proportions of fat and lean body mass will have definite consequences in cardiovascular function. To illustrate these effects in more detail we have plotted the weight of fat against the lean body mass in Figure 3 . The vertical line on the figure indicates the mean of the lean body mass in the group under study and the horizontal line is drawn through the mean of fat weights. The box in the center outlined by the dotted lines encloses an arbitrarily chosen "normal" group. The group in the lower left-hand quadrant is considered to to be low in lean body mass and low in fat; the group in the upper left-hand, quadrant, high in fat and low in lean body mass; the group in the upper right-hand quadrant, high in fat and in lean body mass; whereas the group in the lower right-hand quadrant is high in lean body mass and low in fat. The characteristics of the five groups are presented in Table V The horizontal line is the mean of the fat weights and the vertical line is the mean of the fat-free weights. The box in the center encloses the "normal" group. measurement were used in a manner similar to that in Figure 3 to establish the quadrants. A normal group was chosen and the differences between the mean arteriovenous oxygen differences of the several groups were tested, with the t test. Significant differences were found between the same pairs of groups which are listed above. In addition, the "normal" group showed a mean arteriovenous oxygen difference which was significantly (5% level) higher than the group which was characterized by a large lean body mass per unit height and small fat weight per unit height. Anthropometric groups were also defined by plotting the percentage of standard weight for age and height against the percentage of fat, a procedure employed by McCance and Widdowson (14) . The quadrants were defined by the line following 100 per cent of standard weight and 9.8 per cent fat. The figure of 9.8 per cent fat is the percentage of fat of a man 22 years old where weight is standard for height and age (15) . An alternative presentation involved plotting the percentage of standard weight against the percentage of standard fat for age and, height. The latter figure was found by the use of the tables provided by Brozek (16) . Both of these procedures allocate the men into groups whose members were: 1) underweight for height and with a less than normal percentage of fat, 2) overweight for height and with a greater than normal percentage of fat, and 3) overweight for height and with a less than normal percentage of fat. In each formulation a control group, clustered around the center of the diagram, was chosen. In each case, it was possible to show that the group which was fat and overweight had an arteriovenous oxygen difference which was significantly larger than the group which was overweight and lean.
DISCUSSION
The classification of body build used here depends entirely on the validity of the specific gravity method. The calculation of the percentage of body fat in an individual depends on knowing the density of the lean body mass. We have used the figure of 1.10, provided by Rathbun and Pace (10) . The use of a single figure for the density of the lean body mass is obviously an approximation. Since bone has a density of 1.43 and all other tissues a density of the order of 1.066, the important source of error is the variation in the fraction of bone in the lean body mass. The important relations are given in the following equation: where D is the observed density of the body and R is the fraction of wet bone in the lean body mass. A density of 1.10 for the lean body mass requires an R value of 0.1214. In a muscular man, who has a smaller value of R, the standard equation will overestimate the fat content of the body, whereas in the thin man, who has a value of R larger than 0.1214, the fat content will be underestimated. Reasonable estimates of the variation in the value of R indicates that the error due to this source is probably not greater than 3 to 4 per cent of the total body weight. This problem will be discussed in more detail elsewhere.
It has been recognized by other investigators (17) that the lean body mass may be a better reference point than surface area for such biologically important functions as basal metabolism, blood volume, etc. This possibility has been confirmed by this investigation in the case of the cardiac output.
However, the advantage of the lean body mass over the surface area as a reference point in clinically normal men appears to depend entirely on the relationships between the arteriovenous oxygen difference and the body compartments. It is not the purpose of this paper to examine the relationships between the basal metabolic rate and the various body compartments. However, it should be mentioned that in this data the correlation between oxygen consumption and surface area was of the same order of magnitude as that between oxygen consumption and lean body mass.
No relationship was found between blood pressure measured intra-arterially and body size or composition. This is, of course, contrary to observations made on large groups using the sphygmomanometer (18) where it was shown that the blood pressure increased with increasing relative weight. It has been assumed! that the blood pressure increased with fatness. Our failure to find an increase in blood pressure with obesity is not surprising in view of the recent demonstration that the cuff method overestimates the blood pressure in arms of large diameter and underestimates the blood pressure in arms of small diameter (19, 20 It is apparent that the largest cardiac outputs per square meter of surface area and per cc. of oxygen consumption will be found in muscular (large lean body mass) individuals who have a relatively small fat content. Fatness per se does not necessarily mean that the basal cardiac output and cardiac work has been increased in proportion to the increase in surface area or oxygen consumption. Thus, those people with a relatively small lean body mass and a relatively large mass of fat will have cardiac outputs which are definitely less than that predicted from surface area or oxygen consumption. The person who has a large fat-mass which is superimposed on a large muscle-mass (lean body mass) may have a cardiac output nearly proportional to the surface area and to oxygen consumption.
The increasing arteriovenous oxygen difference associated with increasing amounts of fat on the body may well act as a protective mechanism since it reduces the cardiac work load below that which would exist if the cardiac output always remained proportional to the oxygen consumption. In this connection it is interesting to note that Smith and Willius (21) were able to find evidence of cardiac hypertrophy at autopsy in only 30 per cent of 52 obese patients who were selected because there was no evidence of heart failure or hypertension.
Finally, it should be kept in mind that the conclusions of this investigation apply strictly to young men in their twenties who are living in a university environment. Preliminary studies of middle-aged business men (22) have demonstrated that the arteriovenous oxygen difference changes markedly with age.
SUMMARY AND CONCLUSIONS 1. The basal cardiac outputs of 34 healthy male university students were determined by the acetylene technic and the values were corrected to direct Fick levels. The specific gravity of the body was determined by the water immersion method and the amount of body fat was estimated for all men.
2. It was found that the basal cardiac output was related to body weight by a correlation coefficient (r) of 0.54, to surface area by an r of 0.60, to the weight of lean body mass by an r of 0.74 and finally to the weight of fat by an r of 0. 
